American sweetgum trees (Liquidambar styraciflua L. [Altingiaceae]) in China are being killed by a newly discovered wood-boring beetle "sweetgum inscriber" (Acanthotomicus sp.). It has not been detected in the United States yet, but given the extent of trade with Asian countries, eventual arrival of this beetle is a serious concern. The American sweetgum is one of the main hardwood species in the southern United States, and provides several economic and ecological benefits to society. We present the first economic analysis of the potential damage from sweetgum inscriber (SI) to timber-based land values in the southern United States. We modeled economic impacts for a range of feasible SI arrival rates that reflect policy interventions: 1) no efforts to prevent arrival (scenario A, once every 14 and 25 yr), 2) partial prevention by complying with ISPM 15 standards (scenario B, once every 33 and 100 yr), and 3) total prevention of arrival (scenario C, zero transmission of SI). Our results indicated much lower land values for sweetgum plantations without the prevention on SI establishment (scenario
American sweetgum (Liquidambar styraciflua L. [Altingiaceae] ) is an ecologically and economically important hardwood tree species in the southern United States, with a native range from Connecticut southward through central Florida and westward to eastern Texas (Kormanik 1990) . American sweetgum (sweetgum, hereafter) is widely used for timber production (furniture, veneer, and panels), and biomass for ethanol, wood pellets, and bio-oil (Adams et al. 2015) . It is also common in urban forests, where it contributes ecological, social, and economic benefits to around 80% of the U.S. population (Nowak et al. 2010) .
In central and eastern China, sweetgum has been planted as an ornamental species since the beginning of the 21st century. Recently, a native Chinese bark beetle species of the genus Acanthotomicus Blandford emerged as a pest of the imported sweetgum, causing 100% mortality in nurseries, with >10,000 trees killed in Shanghai alone in less than a decade (Gao et al. 2017 ). This newly discovered pest is provisionally called "sweetgum inscriber" (Cognato 2017) . It is related to the notorious forest pests Ips spp., and there are no known management options. Though not yet detected in the United States, its potential arrival is a concern. Several other Asian wood borers introduced to the United States have nearly eradicated their susceptible American tree hosts, resulting in billion-dollar damages (Aukema et al. 2011) . Current estimates suggest a 16-20% annual probability of the arrival of an invasive forest pest species in the United States, causing significant economic and ecological damage (Koch et al. 2011) . Given future increased trade with Asia, arrival rates of new invasive species are expected to increase, perhaps including Acanthotomicus sp.
Sweetgum contributes $11% (541 million cubic meters) of the hardwood growing timber volume in the southern United States (Oswalt et al. 2014) . It is preferred as a hardwood species for its high potential for genetic improvement, adaptability to soil conditions (Kormanik 1990) , and high resistance to native tree pests and diseases (Kline and Coleman 2010) . These characteristics make it a feasible candidate for short-rotation plantations for bioenergy and pulp production (Jetton and Robinson 2014) . The extent of sweetgum plantations in the southern United States, coupled with the potential arrival of Acanthotomicus sp., may mean significant damages to the U.S. forestry sector. The purpose of this study is to estimate these damages.
We present the first economic analysis of the sweetgum-specific Acanthotomicus sp. at the plantation forest stand level in the southern United States, and extrapolate to predict region-wide impacts. This analysis is critical to informing domestic trade and phytosanitary policy V C The Authors 2017. Published by Oxford University Press on behalf of Entomological Society of America. All rights reserved. For Permissions, please email: journals.permissions@oup.com and improving international efforts to reduce pest arrival, such as under the International Phytosanitary Standard (ISPM-15).
Materials and Methods

Economic Model Specification
Using a forest stand-level simulation approach, we model a representative hectare of sweetgum plantation that faces the risk of arrival of the Chinese Acanthotomicus sp., the "sweetgum inscriber" (SI). Consistent with commercial sweetgum use in the southern United States, we assume that our representative hectare is intensively managed to produce two timber products: sawtimber and pulpwood. Following Reed (1984) , if the sweetgum plantation reaches economic maturity (optimal harvest age T) without being affected by SI, the landowner will harvest and incur the usual costs to replant and reestablish the plantation. If SI arrives at any random time X before harvest age T is reached, the plantation is completely lost and the landowner will have to incur the costs of the development of a new plantation. Thus, the net present value of timber revenues (W) at the end of the first rotation of sweetgum accounting for the arrival or absence of SI is:
where P s , P p , V s ðTÞ, and V p ðTÞ represent, respectively, the prices and merchantable volumes of sawtimber and pulpwood at time T; k represents the probability of arrival of SI in any given year Xinterpreted as the average rate of arrival following a Poisson distribution-e.g., k ¼ 0.1 represents 1 arrival every 10 yr; Cðj) represents the silvicultural costs associated with the development of the sweetgum plantation (site preparation, planting, weed control, and fertilization) at time j (j ¼ 0; . . . ; T); CðXÞ represents the silvicultural costs associated with development of the plantation at time X (once the plantation is fully destroyed with the arrival of SI; ½X ¼ 0 . . . ; X < TÞ; and r represents the discount rate. We employed a sweetgum growth and yield model to simulate commercial volumes of sawtimber and pulpwood (McTague et al. 2008) . Consistent with sweetgum plantation characteristics in the southern United States, we assumed an initial planting density of 1,600 trees ha À1 and a site index of 26 m; establishment costs per hectare that include site preparation, planting, and weed control at year 0 (US$247, US$185, and US$161); and intermediate treatments that include weed control in years 1 and 2 (US$86), and fertilization in years 3, 7, 11, 14, and 17 (US$62; Wright and Cunningham 2008, Kline and Coleman 2010) .
We further assume sweetgum stumpage prices of US$45.7 m À3 and US$9.8 m À3 for sawtimber and pulpwood in the southern United States, respectively (Timber Mart South 2017) . We consider a discount rate of 3%. In forest economics, it is typical to express changes in economic conditions according to land expectation value (LEV), a metric for net present value assuming an infinite planning horizon (Susaeta et al. 2016) , which allows direct comparison of alternative forest management regimes that result in differing optimal rotations. When risk is considered, LEVðTÞ is expressed as:
Acanthotomicus Sp. Arrival Scenarios
The recently discovered Acanthotomicus sp. was first identified by a 2013-2016 survey of nurseries in Shanghai, China (Gao et al. 2017) .
Sweetgum inscriber was found to be lethal to both American sweetgum and a native Chinese sweetgum (Liquidambar formosana Hance). Sweetgum inscriber is not yet known to exist in the United States, but its probability of arrival can be assumed from past experiences with invasive wood borers and from studies of trade-based introduction of woodboring beetles with solid wood-packing materials (Susaeta et al. 2016 ). We assume a status quo probability of arrival and establishment k of SI ranging between 0.04 and 0.07 (scenario A). Under this scenario, the United States takes no specific efforts to prevent the establishment and spread of SI. These arrival values were determined based on the annual U.S. national establishment rate of new invasive forest insects, around 0.17 (once every 5-6 yr), and the proportion of beetles that belong to the families of wood borers Buprestidae, Cerambycidae, and Curculionidae: Scolytinae in the continental United States (40%; Koch et al. 2011 ). Following Susaeta et al. (2016) , this probability multiplier is applied to establishment rates of forest insects to obtain upper and lower bound probability estimates: k ¼ 0.07 (once every 14 yr) and 0.04 (once every 25 yr). We also considered a second scenario, reflecting a reduction in the probability of arrival of SI (scenario B) consistent with U.S. implementation of ISPM-15 suggested by Haack et al. (2014) , including increasing port inspections, fines for transportation material contaminated, and reexportation of all contaminated cargo. For this scenario, we assumed k between 0.01 and 0.03 (once every 100 and 33 yr). Finally, for completeness, we also considered a third scenario with zero transmission of SI to the United States, i.e., k ¼ 0 (scenario C), which corresponds to the hypothetical complete and successful implementation of all ISPM-15 provisions. For each scenario, LEVs were calculated according to equation 2 at 0.01 increments in arrival rate to determine the economic impacts of SI on a typical hectare of sweetgum plantation.
Results and Discussion
We found significantly lower LEVs for sweetgum plantations without control of arrival of SI (scenario A) compared with partial prevention (scenario B) and total prevention of SI (scenario C; Table 1 ).
Land expectation values are found to be very sensitive to SI arrival rates, predicted to be US$9,825 per hectare under the best-case scenario C (the beetle never arrives), ranging from US$5,426 to US$8,050 under the ISPM-15 implementation scenario B, and ranging from US$1,843 to US$4,383 under the worst-case, no control scenario A. Assuming the scenario A upper bound arrival rate (0.07) as a baseline, the percent change in hardwood forestland value is quite large, with losses as high as 81% under scenario C, and 66-77% under partial control scenario B. We also find that it would be economically more attractive to harvest sweetgum much earlier, with optimal rotation ages falling from 18 yr with the upper bound assumption (k ¼ 0.07) to 20-25 yr under scenario B and 27 yr with scenario C, resulting in a major shift away from sawtimber and toward pulpwood. Landowners failing to recognize the change in SI risk, say from 0 to 0.07, would exacerbate the losses (LEV falls to just US$397.61 ha À1 or by 96% lower if the landowner keeps the rotation at 27 yr). We also found that an expected arrival rate above once in 9.8 yr (k ¼ 0.1013) reduces LEV to zero, and there is no net value associated with managing sweetgum for timber. We can use these results to estimate region-wide economic losses for sweetgum plantation forest landowners. Sweetgum is associated with the oak-gum-cypress forest type (bottom-land forest of which 50% or more is sweetgum, oak, and cypress, singly or in combination), which is planted on over 173,000 ha in the southern United States (Oswalt et al. 2014) . Assuming 11% distributed to sweetgum (Oswalt et al. 2014) , $19,030 ha could be affected (though notably Jetton and Robinson (2014) conservatively estimated that about 8,000 ha of sweetgum is planted for timber and biomass production in the region). Across the region, upper bound economic losses to plantation owners is US$151.9 million (US$4.6 million annually) assuming D LEV ¼ ÀUS$7982.22 across 19,030 ha (Table 1) . Lower expected arrival rates, including from policy-driven early detection and eradication activities, significantly reduce expected damages. For example, reducing k to 0.02 (scenario B) from 0.06 (scenario A) saves US$75.6 million. These findings are consistent with other studies suggesting high economic losses associated with invasive wood-boring beetles in the United States (Aukema et al. 2011) .
These damage estimates can be used by policymakers to assess whether to invest in proactive measures that reduce the expected rate of arrival of SI (e.g., USDA Forest Service EDRR; Rabaglia and Duerr 2008) and develop biocontrol and other effective management approaches prior to SI arrival (Hanula and Mayfield 2014) . However, we caution against overinterpretation of our results. Our analysis did not include naturally regenerated sweetgum or impacts on timber buyers, which may be large. As such, we likely produced lower bound estimates of expected damages. Another limitation of this analysis is that it relies on several assumptions, including that all sweetgum plantations are managed for timber production only and affected by the same probability of arrival of related species that have been detected in the United States. Additionally, sweetgum is one of the more prevalent "weed" species in pine plantations in the region, typically controlled by herbicides, but avoided herbicide costs were not considered here.
Further research is needed to better understand the potential pathways of introduction of Acanthotomicus sp. into the United States, for example, by focusing on the occurrence of American and Chinese sweetgum in solid wood-packing material production in Asia, and the distribution of this pest in Asia. Our model could also be improved by addressing damages spatially and considering impacts on ecosystem services. Notably, urban forests nationally contribute US$2.4 trillion worth of ecosystem services (Nowak et al. 2010) , and tree removal costs to municipalities and homeowners, which may be very high (e.g., emerald ash borer costs approach US$1.7 billion per year; Aukema et al. 2011) . 1842.6 n/a n/a n/a 18 a Assuming the scenario A upper bound arrival rate of 0.07 as baseline.
